The increased implementation of renewable resources in the chemical industry is mainly driven by environmental reasons. However, as a rather underestimated side-effect of this development, new chemical building blocks have become available, which are not economically accessible from petrochemical sources. In this respect, itaconic acid has gained considerable attention, as it is biotechnologically produced from carbohydrates on an industrial scale. Its trifunctional structure allows for the synthesis of new polymers, like polyitaconates or related co-polymers which have been extensively studied in the past.
Introduction
Over the last few years, chemical building blocks derived from renewable resources have gained more and more importance and started to be an alternative to chemicals from petrochemical feedstock. [1] [2] [3] This is mostly driven by the imminent scarcity of fossil resources, which will be one of the major challenges in the decades to come. In addition, the increased public awareness and as a result the higher demand for biobased and renewable products as well as the possibility of reducing dependency on imports of fossil fuels are of considerable importance. However, as another advantage of these bio-
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based building blocks, compounds with new structural features become available, that are not economically accessible from petrochemical feedstock. This in turn leads to new applications and materials with unprecedented properties.
In this context, itaconic acid (IA) or methylene succinic acid (1, Fig. 1 ) has drawn considerable interest over the last few years. 4 It is composed of two carboxylic acid functionalities and an α,β-unsaturated double bond, which makes it a promising precursor for a myriad chemical transformations. 5, 6 Itaconic acid was first synthesized in 1837 by the thermal decarboxylation of citric acid. 7 Further synthetic approaches were reported, but none of them proved to be economically compatible. 8, 9 Biotechnological pathways based on carbohydrates have been known since the mid-forties of the last century. 10 Since then considerable research efforts have been dedicated in this field to improve the yields and feasibility of this process. [11] [12] [13] [14] [15] [16] [17] Nowadays, itaconic acid is produced on an industrial scale via fermentation with Aspergillus terreus with a production intensity of 80 g L −1 . 18 The worldwide production is estimated to be around 80 000 tons per year with a price of around 2 US$ per kg. 19 Due to the high potential of this compound, the production capacity is expected to grow by 5.5% every year between 2016 and 2023. 20 Due to the structural similarity to acrylic acid (2) and methacrylic acid (3) , itaconic acid and the corresponding esters, such as dimethylitaconate (4) and dibutylitaconate (5), have been intensively studied as an alternative monomer or comonomer to poly(meth)acrylates over the last few decades (Scheme 1a). 3, [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] Applications for this kind of polymer are widespread and range from corrosion inhibition 32 to dental materials, 33, 34 elastomers, 35 and drug-delivery. [36] [37] [38] [39] [40] [41] However, so far there have only been few studies in the field of polyesters based on itaconic acid (Scheme 1b). This is somewhat surprising as itaconic acid is a dicarboxylic acid with an α,β-unsaturated functionality. These structural features allow for a variety of new applications, such as an alternative for acrylated polyesters or modular building blocks for polyesters with tunable properties. Therefore, polyester-based polymers derived from itaconic acid could be useful in different fields of application, such as UV-and thermal curing or crosslinking, shape memory polymers (SMP). Also the possibility of modifying the unsaturated double bond after polycondensation exhibits a high potential to develop new materials with unprecedented properties. To the best of our knowledge, no comprehensive overview has been made on polyesters derived from itaconic acid. Therefore, this review aims to summarize the most important work done in this field and highlight the potential of this renewable building block.
Polyester derived from itaconic acid

Medical applications
The first example of polyesters based on itaconic acid was reported as early as 1991 by Singh et al. 42 The authors synthesized polyesters derived from itaconic acid and PEG-600 using p-toluenesulfonic acid as a catalyst. Also hydroquinone was added as an inhibitor to prevent radical crosslinking of the unsaturated double bonds. These polyesters were used as precursors for bio-erodible vaccine-loaded hydrogel microspheres. The crosslinking in this case was initiated through an aqueous solution of ammonium persulfate. Subsequently the rates of vaccine release were studied as a function of the degree of cross-linking. A milestone in the synthesis and application of bio-based polyesters derived from itaconic acid was made by Yousaf and co-workers. 43 They synthesized four different polyesters by thermal polycondensation of itaconic acid, a second dicarboxylic acid and trimethylolpropane (TMP) without any catalysts and inhibitors (Scheme 2). This is quite remarkable, as the unsaturated double bond present in the itaconic acid usually leads to undesired crosslinking, if no inhibitors such as hydroquinones or methoxyphenols are used to quench the radicals arising at elevated temperatures. This results eventually in gel formation during the polycondensation process. In addition, despite the lack of a catalyst, the molecular weights were reasonably high (up to 2200 g mol −1 ) and polydispersity indices (Đ) quite narrow. They further synthesized three polyesters by an enzymatically catalyzed reaction. This resulted in even higher molecular weights up to 12 000 g mol −1 . Through the absence of any catalysts or co-reagents on the one hand or the use of enzymes on the other, this methodology is especially attractive for the synthesis of biomaterials. The materials synthesized were subjected to UV-light induced crosslinking in the presence of diethoxyacetophenone (DEAP), a photoinitiator commonly used in biomaterials. 44 The properties of the resulting crosslinked polyesters were examined. As expected, the properties of the materials changed substantially with the ratio of itaconic acid to adipic acid (AA). By increasing the amount of longer chain aliphatic adipic acid the materials became more flexible, resulting in a drop in the Young's modulus and the ultimate tensile strength, while the rupture strain increased. As these polyesters were designed for drug delivery, tissue engineering, and other biomedical applications, the cytotoxicity as well as polymer molding was examined in the course of this study. Both properties are important for the design of drug releasing particles, stents, and sutures. 45 The results suggested that polyesters of this type have a high potential in biomedical and biotechnological fields. Recently Takasu and co-workers reported a low temperature approach for the polycondensation of unsaturated polyesters containing maleic anhydride and itaconic anhydride. 46 This was done by reacting both anhydrides with 3-methyl-1,5-propandiol in the presence of bis(nonafluorobutanesulfonyl) imide (Nf 2 NH, Scheme 3). The resulting polyesters had high molecular weights up to 16 000 g mol −1 . They studied the reactivity of both polyesters to undergo photo-crosslinking in the presence of a photoinitiator to obtain hydrogels that can be used as vehicles for drug delivery. One of the advantages of this polycondensation technique is that at these rather low temperatures no inhibitors are needed. However, one of their main arguments that thermal polycondensations lead to a high degree of double bond isomerization to the less reactive mesaconic acid, which would hamper the photo induced crosslinking is not very valid. NMR-measurements in several studies presented in this review showed only a negligible degree of isomerization during the thermal polycondensation processes. 47, 48 The scope of the methodology was examined by using other diacids and anhydrides, as well as alcohols. In most cases, the yields and molecular weights were high. By using maleic anhydride as a second dicarbonic acid moiety in the polyester, they were able to show that these two unsaturated diacids can be selectively reacted. The itaconic acid building blocks were able to undergo crosslinking through radiation curing, while the maleic acid moieties did not react under these conditions. Furthermore, they were able to show that the latter species could undergo a Z/E-isomerization to the corresponding fumaric acid functionality (Scheme 4). This proved to have an influence on the swelling behavior of the resulting hydrogels. In a subsequent study the authors were able to show that mixed polyesters of this type can be selectively modified by means of aza-Michael additions. 49 When the maleic acid/itaconic acid co-polyester was reacted with primary amines, such as benzylamine, n-butylamine or i-butylamine the aza-Michael addition exclusively occurred on the maleic acid moiety, which in the course of the addition rearranged to the corresponding Z-configurated fumaric acid. This methodology allows therefore for the synthesis of maleic acid itaconic acid co-polyesters, that can first be modified with primary amines and in a second step radically crosslinked through the external α,β-unsaturated C-C double bond of the itaconic acid building blocks. By using diamines, such as 1,2-ethanediamine this methodology allows in addition for two different crosslinking mechanisms: the first one being a selective aza-Michael addition crosslinking and the second a UV-initiated radical crosslinking (Scheme 5). Inspired by the good biocompatibility of poly(butylene succinate) (PBS), Liu and co-workers reported the synthesis of Scheme 2 Polycondensation of branched polyesters based on itaconic acid.
Scheme 3 Low temperature polycondensation using Nf 2 NH as a catalyst.
Scheme 4 Amine-induced Z/E-isomerization of a co-polyester derived from maleic-and itaconic acid. a co-polyester of this type, by partial replacement of succinic acid by itaconic acid. 50 By using a combination of titanium tetraisopropoxide (TTP) and diphenylphosphonic acid (DPPA), they were able to obtain high molecular weights up to 34 000 g mol −1 at a low percentage of itaconic acid incorporated into the co-polymer (5 mol% of the total diacid content). However, with increasing amount of itaconic acid, the molecular weights decrease to 14 600 g mol −1 with 40 mol% itaconic acid. This is most probably due to the lower reactivity of the itaconic acid compared to succinic acid. In addition, as no inhibitors were used during the polycondensation process, crosslinking of the polymer was observed, when 50% of itaconic acid was used. This resulted in an insoluble polymer, which could not be examined by means of size exclusion chromatography (SEC). In addition to the somewhat higher reactivity, the catalytic system also seems to suppress the THF formation by an intramolecular etherification of 1,4-butandiol. The authors examined this effect by comparing the feed ratio to the actual co-polymer ratio determined by means of NMR. Unlike the other examples in this review, the co-polyesters were not further radically crosslinked. However, biodegradability studies showed that the materials do degrade under in vitro conditions. This reveals their potential for biomedical applications, even though the degradation rate decreases with increasing amount of itaconic acid incorporated into the polymer.
Shape memory polymers (SMP)
A very impressive example of the use of itaconic acid derived polyesters as SMP was described by Guo and co-workers. 51 The polyesters were almost exclusively composed of bio-based monomers with itaconic acid, sebacic acid and 1,3-propandiol.
Only diethylene glycol was used in order to influence the crystallinity of the polymers. The polycondensation was conducted in the presence of 0.5 wt% 4-methoxyphenol as the inhibitor and 0.5 wt% Ti(IV)-butoxide as the condensation catalyst (Scheme 6). Heating the mixture to rather high temperatures of 220°C under vacuum allowed for the synthesis of polyesters with high molecular weights of 30 000-40 000 g mol −1 .
These polyesters were then subjected to compression molding with dicumylperoxide as the radical initiator resulting in a set of SMP with interesting properties and potential fields of application. However, the polyesters were synthesized with a rather low ratio of itaconic acid and it would be of interest to study the influence of higher ratios on the properties of the resulting SMP.
Later, Ritter and co-workers followed a similar approach by synthesizing polyesters from renewable resources as precursors for SMP. 52 In this case they used polyesters based on isosorbide as diol and different ratios of succinic and itaconic acids (Scheme 7). In detail, they reacted an equimolar mixture of dicarboxylic acids and diols in toluene in the presence of 0.5 mol% sulfuric acid as the catalyst and 0.25 mol% phenothiazine as the inhibitor. However, a standard polycondensation procedure with a Dean-Stark apparatus at 140°C for 48 h only resulted in very low yields below 10% and low molecular weights of 500-800 g mol −1 . These results were improved by using microwave irradiation instead of thermal heating. By this method, both yields and molecular weights were slightly increased to 17% and 1200 g mol −1 after 4 h. However, neither increased catalyst loading nor longer reaction times resulted in further improvement. This is quite surprising, especially as an equimolar ratio of monomers was used. Besides the somewhat low reactivity of the isosorbide, the most plausible explanation might be the low solubility of the polyesters in toluene, which results in the precipitation of the oligomers during the reaction. Subsequently, these unsaturated polyesters were also subjected to a crosslinking step by a thermally induced radical reaction initiated by the diazo-based initiator VA-65. However, Scheme 5 Selective crosslinking of a co-polyester derived from maleic-and itaconic acid.
Scheme 6 Ti(IV)-butoxide-catalyzed polycondensation.
Scheme 7 Polycondensation of isosorbide, itaconic acid and succinic acid.
in this case they used dimethyl itaconate as a co-monomer. The crosslinked polyester showed a shape memory effect with a deformation at temperatures below the T g , which could be reversed after reheating above the T g . However, in comparison with the SMP obtained by Guo and co-workers the materials proved to be very brittle. In a subsequent study the authors used bio-derived dinitrones based on isosorbide to crosslink the unsaturated polyesters by an 1,3-dipolar cycloaddition. 53 
Elastomers and composites
Also in the field of elastomers, itaconic acid derived polyesters were used as crosslinkable components. Wei et al. reported the synthesis of a fully bio-derived polyester based on succinic acid, sebacic acid, 1,3-propanediol and 1,4-butanediol with 5-15 mol% of itaconic acid in relation to the total acid content. 54 MeHQ and phosphoric acid were used as inhibitors.
In this case the monomers were reacted for 2 h at 180°C before Ti(IV) butoxide was added as a catalyst and the reaction was continued at 220°C at reduced pressure. Following this protocol, a polyester with a number-average molecular weight (M n ) of 33 000 g mol −1 was obtained. This polyester was crosslinked with different amounts of dicumylperoxide as the thermal initiator and the properties like tensile strength and stress and T g of the resulting elastomers were examined. In the last step, the material was reinforced with nanosilica, which resulted in a bio-based, transparent rubber-like material with a low T g of −54°C and mechanical properties that could compete or even outperform commercially available elastomers. Sakuma et al. were able to show that itaconic acid-based polyesters can also be used as organic components in organicinorganic hybrid composites. 55 Methacryl-substituted polysilsesquioxanes (Me-PSQ) were used as inorganic compounds, which could be prepared from 3-(trimethoxysilyl)propyl methacrylate (TMSPM, Scheme 8). Three different composites were synthesized by reacting the unsaturated polyester with the Me-PSQ in different ratios in the presence of benzoylperoxide. Subsequently the properties of the hybrid composites were compared to the uncured and cured polyesters. The hybrids proved to be more temperature stable, with a T d (5 wt% weight loss temperature) up to 100°C higher than the uncured polyester. In addition, the hybrids exhibited a higher storage modulus in the rubbery state (T > T g ).
Coatings
Due to the structural similarity to acrylic and methacrylic acid, which are often used as reactive groups in radiation curing binders for coating and printing ink applications, itaconic acid has a high potential to serve as a renewable alternative in this area. An example for coating applications with itaconic acid as the crosslinking group was reported by Dai et al. 56 In this case three different primary diols were used as monomers for the synthesis (Scheme 9). In addition, the syntheses were conducted in the presence of two different catalysts. First prepolymers were formed in the presence of 0.5 wt% ptoluenesulfonic acid (PTSA). After 2 h, as a second catalyst, 1 wt% dibutyltin dilaurate (DBTL) was added and water was removed under vacuum. To prevent crosslinking of the unsaturated double bond, 0.5 wt% of 4-methoxyphenol was used as the inhibitor. With this procedure COOH-terminated polyesters were obtained, but despite the use of two catalysts, the molecular weights were still quite low (750-1250 g mol −1 ). However, the values were not measured by means of SEC, but calculated based on AV and OHV determined after the reaction. 57 These polyesters were then converted into a water-based emulsion with a 40% solid content by mixing the COOH-terminated resin with an aqueous solution of NaHCO 3 . After the addition of a waterborne photoinitiator and a curing promoter, the emulsions were applied to a metal surface and were crosslinked after a thermal drying step by means of UV-curing. The resulting coatings exhibited a high hardness and good water and solvent resistance. However, in terms of adhesion and flexibility these systems proved to be rather insufficient.
To solve these problems, the researchers developed a similar system with improved performance. 58 By incorporation of different ratios of glycerol into the polyester, they were able to improve the adhesion of the system. In addition, the use of acrylated epoxidized soybean oil as a second bio-based radically crosslinking component led to more flexibility of the coatings obtained after UV-curing. In addition to UV-curing systems, Dai et al. further developed a thermally curing composition based on these polyesters and AESO. 59 They were able to show that in the presence of tert-butyl peroxybenzoate as a radical initiator this mixture of unsaturated compounds can be used as resins for heat cured coatings. In most cases, the properties such as T g and tensile strength of the coating were improved by using this combination of AESO and itaconic acid-based polyesters. However, also in this case the polyesters used in this study had a very low molecular weight despite the use of a tin catalyst. No effort was made to obtain polyesters with a higher molecular weight, which should have a considerable impact on the coating performance and the molecular weight was not determined by means of SEC. In addition, the polyesters were again acid terminated. As no water-based emulsions were made in this case, it raises the question, why no OH-terminated polyesters were examined. This is particularly important as the beneficial effect of the OH-functionality of glycerol-derived polyesters has been mentioned several times throughout the study.
Over the past few years, our research group has placed a focus on the synthesis of bio-based polymers for coating applications. [60] [61] [62] Due to its renewable nature and its high potential as an alternative crosslinking moiety, itaconic acid is an interesting building block for bio-based coatings. Therefore, within the scope of a governmentally-funded project itaconic acid-based dispersions for wood coating applications were successfully developed. 63 In detail, this involved the development of a reliable method to synthesize polyester resins derived from itaconic acid and other (bio-based) building blocks, such as adipic acid (AA), hexahydrophthalic anhydride (HPSA), 1,6-hexanediol (HDO), 1,3-propandiol (PDO), and neopentylglycol (NPG, Scheme 10). The polycondensation reactions were conducted in the presence of 0.4 wt% methanesulfonic acid (MSA) as the catalyst and a mixture of MeHQ and BHT as inhibitors. Using n-heptane as the entrainer, the reaction proceeded smoothly under Dean-Stark conditions between 120 and 180°C within 8 hours depending on the choice of monomers. The course of the reaction was monitored by analysis of the acid value (AV). In a first set of experiments, the OHV at the end of the reaction was lower than theoretically expected. This can be explained by loss of the more volatile diols during the azeotropic distillation and etherification side-reactions. To compensate this loss up to 5% excess of diols were added at the start of the reactions. A variety of polyesters synthesized including AV and the hydroxyl value (OHV) at the completion of the reaction, M w and viscosity are shown in Table 1 . The products were obtained in molecular weights ranging from 3100 to 5600 g mol −1 with no sign of crosslinking detectable by means of SEC. Fig. 2 shows the SEC traces of the itaconic-acid based polyesters I-V. The IR spectra of the polyesters clearly show signals at ∼1670 cm −1 (CvC-stretch) and 810 cm −1 (C-H-deformation), which are derived from the α,β-unsaturated C-C-double bond of the itaconic acid. These two signals can also be used to track the progression or the degree of a subsequent radical crosslinking reaction. In addition, NMR spectra of the polyesters clearly show the typical signals of the terminal double bond of the itaconic acid moiety with signals at around 6.3 and 5.6 ppm and a small geminal coupling constant of around 3 Hz. In addition, no sign of the rearrangement of the terminal CvC-double bond to the C4-chain to form mesaconic acid can be detected in the NMR spectra. The polyesters obtained were used subsequently to synthesize water-based polyurethane dispersions for wood coating applications. This was done by reacting the polyesters with different diisocyanates, such as MDI or HDI in the presence of dimethylolpropionic acid (DMPA), which acts as an internal Scheme 10 Synthesis of bio-based polyesters. emulsifier after activation by a subsequent reaction with triethylamine and water (Scheme 11). With this procedure an isocyanate-terminated prepolymer dispersion was obtained, which was subjected in a last step to a chain elongation with ethylenediamine to obtain the final UV-curing polyurethane dispersion based on itaconic acid. The resulting dispersion was used as a binder component for wood coating applications with excellent properties, which proved to be compatible with commercially available products of this type.
A somewhat different example in the field of coatings was recently reported by Jain and co-workers. 64 In this case a polyester with only 2 wt% itaconic acid was used as the backbone for an acrylic resin. In detail, the unsaturated double bonds of the polyester were reacted with methyl methacrylate, butyl acrylate and styrene by means of radical polymerization. These acrylic modified polyesters were mixed with 20-30% of a melamine-formaldehyde resin and subsequently applied to a steel surface and cured for 30 min at 140°C. The resulting baking finishes exhibited very promising properties and might be an addition to existing materials in this field of coatings.
Further studies on the polycondensation of itaconic acid
Another study on the polycondensation of itaconic acid was conducted by Retuert and co-workers in 1993. 65 In this rather early example they reacted the unsaturated acid with ethylene glycol in the presence of a catalytic amount of p-toluenesulfonic acid and hydroquinone as the inhibitor at 120°C under partial vacuum. However, they had to keep the conversion under 85% to prevent a high amount of crosslinking. To circumvent this problem, the authors synthesized this kind of polyester through the reaction of dimethyl itaconate or itaconoyl dichloride with ethylene glycol, which could be conducted at lower temperatures of 100°C and 60°C, respectively. But in all the cases the molecular weights were low (up to 1200 g mol −1 ). Only preliminary crosslinking experiments were reported, in which they were able to show that the polyesters obtained in this study readily co-polymerize with a range of vinyl polymers such as styrene, acrylates, etc.
Recently Clark and co-workers studied the synthesis of itaconic acid-containing polyesters starting from the corres- ponding methylesters of itaconic and fumaric acid. 48 In a first step three polyesters were synthesized by a reaction with 1,3-propanediol and 1,4-butanediol (Fig. 3) . By a detailed NMR study of these polyesters they were able to analyze the degree of mesomerization of the itaconic acid moiety to the corresponding mesaconic acid species and the multiplet complexity of the protons in the α-position to the ester functionality. In addition, they used NMR to elucidate the possible crosslinking mechanism of the polyester chains, which according to their results proceeds through a nucleophilic addition of a hydroxyl functionality at the α,β-unsaturated double bond of the itaconic acid, the so called Ordelt-reaction or condensation. 66, 67 By further NMR experiments they examined the percentage of itaconic acid incorporated in a co-polyester of succinic and itaconic acid, which proved to be as high as 96%. Further analyses, like TGA, DSC and solubility of the polyesters, were also conducted in the course of this study, however, no crosslinking experiments of these materials were undertaken. Teramoto et al. studied the influence of the crosslink density on the solubility and biodegradability of poly(butylene succinate) prepolymers that contained different amounts of either maleic or itaconic acid units in the main chain. 68 For this they incorporated 5, 10, and 15% of the unsaturated acids into the polyesters which were subsequently crosslinked using benzoyl peroxide as the thermal initiator. As expected, a higher amount of itaconic or maleic acid in the polyester leads to a higher crosslinking density, which can be analyzed by the amount of polymer insoluble in chloroform. The highest amount of 90.9% insoluble fraction was obtained when 15% itaconic acid was present in the polyester. During the crosslinking process the differences in the curing speed became apparent, with a complete conversion of the itaconic acid double bond within 20 min, whereas curing times of 40 min were needed for the polymers containing maleic acid. In addition, it was shown that the biodegradability decreased with increasing crosslink density. However, the biodegradation of these polyesters did not shut down completely, even when crosslinked with 15% of the itaconic acid present in the main chain. Another possibility for obtaining polyesters derived from itaconic acid was described by Ma et al. 69 They reacted itaconic acid with an excess of epichlorohydrin (Scheme 12) to obtain a polyester epoxy resin as a renewable alternative to the most commonly used epoxy resin bisphenol A diglycidyl ether (BADGE). The polyesters synthesized exhibited rather low molecular weights and were cured with methyl hexahydrophthalic anhydride with different additives such as divinyl benzene or acrylated epoxidized soybean oil. The authors were able to show that the cured resins can compete with commercial ones derived from BADGE. Especially the fact that these bio-based epoxy resins have the possibility of an additional thermally induced radical curing mechanism through the α,β-unsaturated double bond of the itaconic acid is a valuable asset of these compounds. In a subsequent study the authors developed further epoxy resins derived from itaconic acid 70 and also gave an overview on bio-based thermosetting resins with some examples based on itaconic acid. 71 
Enzymatic polycondensations of itaconic acid
Besides "classical" synthetic routes, polyesters derived from itaconic acid can also be synthesized through enzymatic catalysis. As described earlier Yousaf and co-workers performed some of their polycondensations via enzymatic catalysis. 43 By using lipase B from Candida antarctica (CaLB) they were able to obtain linear polyesters derived from different diols with molecular weights of 200-11 900 g mol −1 . However, long reaction times (94 h) and high reaction temperatures (90°C) were needed, which might result in a degradation of the enzymes. Under somewhat similar conditions Loos and co-workers were able to obtain co-polyesters derived from 1,4-butanediol, itaconic acid and a second saturated dicarbonic acid with very high molecular weights up to 58 000 g mol −1 . 72 In this very extensive study they were able to show that the molecular weights of the resulting co-polyesters are very dependent on the chain-length of the other dicarbonic acid and usually decrease with increasing amounts of itaconic acid. In addition to this screening the resulting unsaturated polyesters were subjected to UV-induced crosslinking and the mechanical properties of the resulting materials were determined. Gardossi and co-workers developed a new type of immobilized enzyme catalyst by covalently bonding CaLB to an epoxy functionalized methacrylic resin. 73 The authors were able to show that this catalyst can be used in the polycondensation of dimethyl itaconate with butanediol. In addition, it can indeed be recycled with only a little loss in catalytic reactivity. However, only low molecular weights of the corresponding polyesters were obtained even after 96 h reaction time. In a subsequent study, the authors analyzed the enzymatic polycondensation reaction in more detail to improve the low reactivity of the system. 74 A key element for high reactivity is the optimized mass transfer and the homogeneous dispersion of the enzyme. This is hampered by the need to immobilize the enzyme to avoid contamination of the product and to ensure recyclability of the costly catalyst. However, the authors were able to show that the reactivity can also be influenced by the concentration and the structure of the diols used. Both theoretical and experimental studies show that the more rigid cyclic diol, 1,4-cyclohexanedimethanol is a more promising substrate to achieve higher molecular weight polyesters. In a somewhat different enzymatic approach, Yamaguchi et al. used a lipase-catalyzed ring-opening addition condensation polymerization (ROACP) at 25°C for 2 hours to obtain polyesters with molecular weights ranging from 560-3690 g mol −1 (Scheme 13). 75 Besides itaconic anhydride, succinic anhydride and glutaric anhydride were used in combination with different diols, such as 1,4-butanediol, 1,6-hexanediol, 1,8-octanediol, and 1,10-decanediol. In addition, it was shown that the α,β-unsaturated C-C-bond in the polyesters is not affected by the lipase-catalyzed polymerization and can be further modified after the polycondensation reaction. As a proof of principle, a sample polyester composed of itaconic and glutaric anhydride and 1,8-octanediol was heated without any initiator to 150°C. Gelation occurred after 3 h and was monitored by means of FT-IR spectroscopy. The crosslinking reaction was complete after 27 h when the characteristic IRsignal of the vinylidine group at ∼770 cm −1 was no longer detectable. Unfortunately, the cross-linking was only examined with one polyester and no further experiments with thermal or photo initiators were conducted to investigate the reactivity of these polyesters in this kind of radical reaction.
Post-polymerization modification of itaconic acid-derived polyesters
Besides the major part of itaconic acid-based polyesters being used as radically crosslinking polymers as an alternative to (meth)acrylates, other fields of application have been reported. A very promising approach is the exploitation of the periodically located exo-chain double bond for post-polymerization modifications.
In this context, Ramakrishnan and co-worker demonstrated that polyesters derived from itaconic acid are susceptible to Michael additions with a range of different nucleophiles. 47 For this they synthesized in a first step polyesters derived from dibutylitaconate and four different diols. The polycondensation reaction was conducted under reduced pressure at 160°C in the presence of quinol as the radical inhibitor and dibutyltin dilaurate as the catalyst. The resulting polyesters were characterized by NMR and SEC analysis and revealed very high molecular weights from 15 000 up to 815 000 g mol −1 . However, the high molecular weights and the shape of the SEC chromatograms indicate a certain degree of crosslinking of the C-Cdouble bonds during the polycondensation reaction. In the next step, these polyesters were subjected to a series of Michael additions with several sulfur and nitrogen-based nucleophiles including protected amino acids such as proline and cysteine (Scheme 14). These reactions were nearly quantitative resulting in modified polyesters that might be interesting for a broad range of applications, including biological uses. A similar approach was undertaken by Meier and coworkers. 76 They reported the synthesis of three polyesters derived from dimethyl itaconate. In order to obtain polyesters with high molecular weights of around 10 000 g mol −1 the use Scheme 13 Synthesis of different polyesters by lipase-catalyzed ring-opening addition condensation polymerization (ROACP).
Scheme 14 Aza-and thio-Michael additions to itaconic acid-based polyesters.
of tin ethylhexanoate (1 mol%) as the catalyst and reaction temperatures of 130°C were necessary. In addition, 0.5 wt% of 4-methoxyphenol as the inhibitor was used to prevent crosslinking of the unsaturated double bonds. In the next step, the polyesters were subjected to an aza-Michael addition of three sulfur nucleophiles. The resulting polysulfides were subsequently oxidized to the corresponding polysulfones (Scheme 15). This reaction sequence reveals the potential of itaconic acid based polyesters to yield novel types of bio-based polymers.
In addition to the polysulfones, renewable polynorbonenes derived from dimethyl itaconate were synthesized in the course of this study. For this, DMI was subjected to a solventfree Diels-Alder reaction with cyclopentadiene, followed by a ring-opening metathesis polymerization (ROMP) catalyzed by Ru-catalysts (Scheme 16). The resulting polymers were obtained at room temperature within 30 min with good control over molecular weights (up to 87 500 g mol −1 ) and low polydispersities. These polynorbonenes were also hydrogenated with a heterogeneous Pd-catalyst and the properties of the resulting saturated polymers were compared to the unsaturated analogs.
Lv et al. reported a different strategy to obtain itaconic acidbased polyesters. 77 By a condensation reaction of itaconic acid with 10-undecenol a linear diene monomer was obtained. This diene was then polymerized by means of acyclic diene metathesis (ADMET) polymerization to yield an unsaturated linear polyester with a long alkyl spacer between the itaconic acid moieties. Two different polyesters were synthesized by this method with high molecular weights of 23 000 and 44 000 g mol −1 , respectively. The polyesters were further modified by means of aza-and thio-Michael additions using different thiols and amines (Scheme 17). Like in the reports described earlier, 47,76 the post-polymerization modifications proceeded with high yields of more than 90%. In addition, the authors were able to show that sterically demanding primary amines, such as sec-butylamine can also be added to the polyesters at low temperatures (Scheme 18). This is interesting as primary amines usually further react to form a lactam, which leads to the cleavage of the polyester. [78] [79] [80] In fact, at higher temperatures of more than 37°C, even these bulky amines undergo a lactam formation leading to a smart polyester with a temperature-controlled selfdegradation. This thermally induced degradation of polyesters exhibits high potential for biomedical applications. In a very recent example, Farmer et al. also exploited the α,β-unsaturated double bond to functionalize polyesters derived from itaconic acid. 81 However, in this case they used the 1,3-dicarbonyl compounds acetylacetonate and dimethyl malonate as C-nucleophiles in a Michael-addition (Scheme 19). The reactions were performed in the presence of a heterogeneous catalyst under microwave radiation within 5 min without any additional solvent added. Most of the resulting modified polyesters showed an increase in T g . In addition, they were able to show that the metal chelating abilities of the covalently bonded acetylacetonate can be retained.
Conclusion and outlook
The aim of this concise overview of polyesters derived from itaconic acid was to highlight the potential of this type of material. The interesting chemical structure of this bio-based dicarbonic acid with an α,β-unsaturated exo-double bond allows for new compositions of polyesters that are not accessible with standard building blocks derived from petrochemical sources, like methacrylic acid or acrylic acid. Admittedly, these two compounds possess a higher reactivity of the α,β-unsaturated double bond towards radical crosslinking compared to itaconic acid. However, this review tried to show that the reactivity of the latter is sufficient for a broad range of crosslinking applications, such as drug delivery, shape memory polymers, elastomers and coatings, with properties comparable or even superior to standard crosslinking compositions. In addition, the periodical distribution of the unsaturated double bond in the polyester backbone makes it a superb macromolecular scaffold for post-polymerization modifications, such as Michael-additions with different kinds of nucleophiles, DielsAlder reactions or such like. Due to the promising crosslinking properties of itaconic acid-based polyesters, these polymers can be a renewable alternative to existing materials based on acrylic and methacrylic acid and might find more and more applications in the fields described above. But even more important, further modifications of this type of polymer can open access to a myriad of new materials with unprecedented properties and new fields of applications, making this bio-based building block a valuable renewable tool in the synthesis of innovative polymeric materials.
